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Large protein complexes form in the cytosol of prokaryotes and eukaryotes as assemblies of functional
enzymes or aggregates of misfolded proteins. Their roles in the cell range from critical components of
metabolism to disease-causing agents. We have observed a novel structure in the cells of transgenic Ara-
bidopsis thaliana that appears to be a form of inclusion body. These long, spindle-shaped structures form
when Arabidopsis are transformed to express high levels of the protein Annexin4 fused to a ﬂuorescent
protein. These structures, previously named darts, are visible in all cells of the plant throughout develop-nnexin4
nclusion body
ggresome
rabidopsis thaliana
ment. Darts take on a variety of morphologies including rings and ﬁgure-eights. These structures are not
associated with the endomembrane system and are not membrane bounded. Darts appear to be insol-
uble aggregates of protein analogous to bacterial inclusion bodies and eukaryotic aggresomes. Similar
structures have not been observed in untransformed plants, suggesting darts are artifacts of transgenic
overexpression.
© 2015 The Authors. Published by Elsevier GmbH. This is an open access article under the CCntroduction
Large cytoplasmic protein complexes have been observed in
variety of prokaryotic and eukaryotic species (reviewed in
’Connell et al., 2012). In prokaryotes, microcompartments con-
ist of polyhedral protein shells that organize and concentrate
ertain enzymes, most notably Rubisco in carboxysomes (Yeates
t al., 2008). Bacteria also form inclusion bodies (IB), aggregates
f unfolded protein, when under stresses like high tempera-
ure (Wang, 2009). In eukaryotes, large protein aggregates have
een identiﬁedwithinmost of themembrane-bounded organelles.
hese include LACTB in the intermembrane space of mitochondria
Polianskyte et al., 2009), catalase in the matrix of plant peroxi-
omes (TenbergeandEising, 1995), and-glucosidase in the stroma
f plastids (Kim et al., 2005). Large protein complexes also form in
he cytosol of eukaryotes. Aggresomes, eukaryotic analogs of IBs,
re formed in part by the activity of the microtubule cytoskele-
on collecting misfolded proteins in the cytosol (Kopito, 2000). In
lants, viruses have long been known to form small, irregularly
Abbreviations: AnnAt4, Arabidopsis Annexin 4; CTP, cytidine triphosphate; DIC,
ifferential interference contrast; GFP, green ﬂuorescent protein.
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shaped aggregates in the cytosol and nucleus (reviewed in Moshe
and Gorovits, 2012). Aggregation of endogenous plant proteins is
less well studied, though there have been reports of aggregates
forming in response to environmental stress (Nakajima and Suzuki,
2013; Toyooka et al., 2006).
Understanding the formation of large protein complexes is
fundamental to cell biology. In some cases, complex formation
enhances protein function by improving catalytic efﬁciency (Miles
et al., 1999). It has also been proposed that cells may use protein
complexes as a storage system to buffer the concentration of pro-
tein in the cytosol (O’Connell et al., 2012). In contrast, aggregation
of unfolded proteins occurs after failure of the cell’s protein fold-
ing and/or degradation systems (Tyedmers et al., 2010). In some
cases, like intracellular amyloid formation, protein aggregation is
associated with serious pathologies (Chiti and Dobson, 2006). Pro-
tein aggregation has traditionally been considered a barrier to the
expression and puriﬁcation of heterologous proteins for biotech-
nology. However, as details of the structure and development of IBs
and aggresomes emerge, researchers are beginning to appreciate
their potential beneﬁts for large-scale protein production (Gatti-
Lafranconi et al., 2011).Here, we report the formation of large cytosolic complexes of
the Arabidopsis thaliana (Arabidopsis) Annexin4 protein (AnnAt4)
when it is fused to ﬂuorescent proteins and overexpressed
in plants. Annexins are a large family of calcium-dependent
access article under the CC BY-NC-ND license (http://creativecommons.org/
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5min. Pelleted cells were resuspended in 1.2mL of a 10mM MES
(pH5.5) solution containing 4.3 g/LMurashige and Skoog Basal salts80 C. Khachatoorian et al. / Acta
embrane-binding proteins found in many eukaryotic and
rokaryotic species (Laohavisit and Davies, 2010). In Arabidop-
is, eight annexin genes have been identiﬁed, but little is known
bout their functions (Clark et al., 2001). Animal annexins have
een found in various subcellular locations, frequently associated
ith themembranes onwhich they operate (Laohavisit andDavies,
010). Since plant annexins are so divergent from their animal
omologs, their locationwithin the cellmay also vary considerably.
nnAt4, one of the better studied Arabidopsis annexins, operates
n osmotic stress and abscisic acid signaling (Huh et al., 2010; Lee
t al., 2004).
Our interest in AnnAt4 arose from observations of transgenic
rabidopsis expressing a fusion betweenAnnAt4 and the green ﬂu-
rescent protein (GFP) generated by Cutler and colleagues (Cutler
t al., 2000). These investigators had created a collection of Ara-
idopsis expressing random endogenous cDNAs fused to GFP. Of
he thousands of individual plants they screened, they identiﬁed
wo unusual plants as “darts” for the spindle-shaped ﬂuores-
ent structures they contained. This report is a continuation of
heir investigation on dart-containing line CS84739. Our anal-
sis indicates that these plants contain a full length, in-frame
usion between GFP and AnnAt4. The dart-shaped structures are
ggregates of protein similar to bacterial IBs: solid protein com-
lexes without boundary membranes. Like bacterial IBs, the darts
bserved in transgenic line CS84739 have not been found in
ntransformed Arabidopsis.
aterials and methods
lants and vectors
Transgenic A. thaliana and binary plasmids were obtained
rom the Arabidopsis Biological Resource Center. Seeds were sur-
ace sterilized in 10% sodium hypochlorite and 0.2% Tween-20
efore stratifying in darkness at 4 ◦C for 1–4 days. Dark-grown
eedlings were germinated on agar plates containing 3% sucrose
nd Murashige and Skoog basal medium with Gamborg’s vitamins
Sigma; (Murashige and Skoog, 1962)). Soil-grown plants were
rown on Miracle Grow potting soil (Scotts Miracle-Grow) in 20h
f light at 22 ◦C and 4h of darkness at 19 ◦C.
Fluorescently labeled organelles were derived from vectors and
lant lines generated byNelson et al. (2007). GFP-labeled endoplas-
ic reticulum (ER) plants were derived from line ER-gk (CS16251).
ransient expression of mCherry ﬂuorescent protein utilized the
inary vectors ER-rk (CD3-959) for ER labeling, G-rk (CD3-967) for
olgi labeling, and px-rk (CD3-983) for peroxisome labeling.
icroscopy
Live samples of plants were mounted in water. Differential
nterference contrast and epiﬂuorescencemicroscope imageswere
ollected on an Axioimager. M2 microscope (Zeiss) using the fol-
owing objective lenses: 10× Plan Neoﬂuoar (N.A. = 0.3), 40× Plan
pochromat (N.A. = 0.95), and 100× Plan Apochromat (N.A. = 1.4).
FP was detected with a Zeiss 38 ﬁlter set: excitation (470/40nm),
ichroic (495nm), emission (525/50nm).mCherry ﬂuorescent pro-
ein was detected with a Chroma 49306 ﬁlter set: excitation
580/25nm), dichroic (600nm), emission (625/30nm). Maximum
nd minimum grey levels of pseudocolored images were adjusted
o enhance the contrast of images. These adjustments were made
n a linear fashion to preserve the relative brightness of different
tructures.
Confocal microscopy was performed on a TCS-SP5 II laser
canning microscope (Leica). Membrane staining with FM4-64
Molecular Probes) used simultaneous excitation with two lasershemica 117 (2015) 279–287
(488nm and 543nm) using the corresponding double dichroic
mirror. Fluorescence emission was collected between 500 and
535nm (GFP), 604–650nm (FM4-64), and 706–763nm (Chloro-
phyll). Images were collected with a 63× HC PL APO (N.A. = 1.4)
objective lens. FRAP was conducted with a 100× HCX PL APO
(N.A. = 1.4) objective lens. GFP was observed with a 488nm laser,
500nm dichroic mirror, and detection between 500 and 600nm.
GFP was irreversibly photobleached with three successive scans
of a region of interest at ten times the normal excitation inten-
sity.
Genomic DNA analysis
Genomic DNA was isolated from mature rosette leaves using
a PureLink Plant Total DNA Puriﬁcation Kit (Invitrogen). T-DNA
inserts in line CS84739were detectedwith PCRusing Phusion poly-
merase (Thermo Scientiﬁc) and primers PEGAD(+) and PEGAD(−)as
described (Cutler et al., 2000). ClonedcDNAswere sequencedby the
dideoxy method on an ABI Prism 377 sequencer (Applied Biosys-
tems). Sequences were analyzed with BLAST (Altschul et al., 1990)
at the National Center for Biotechnology Information and The Ara-
bidopsis Information Resource.
Protein analysis
Total protein of mature rosette leaves was isolated and quan-
tiﬁed as described (Kwok and Hanson, 2004). Proteins were
separated by SDS-PAGE on Mini-PROTEAN TGX 4–15% acrylamide
gels (BioRad). Proteins were transferred to Immun-Blot PVDF
membranes (BioRad) and GFP-fusion proteins were detected with
anti-GFP rabbit IgG fraction (Invitrogen).
AnnAt4–mCherry vector construction
Restriction enzyme sites were added to the ends of the AnnAt4
coding region by PCR with the primers a4fwd (5′-GCAAGAT-
CTATGGCTCTTCCTCTCGA) and a4rev (5′-GAGGATCCTATCGGATT-
TGGAGAGAAGTGTG). The PCR product was cloned into pCR4Blunt-
TOPO vector (Invitrogen) and sequenced as described above. The
AnnAt4 coding region was then excised using BamHI and EcoRI
restriction enzymes (Fermentas) and ligated to the N-terminus of
the mCherry coding sequence in the pSAT4A-mCherry-N1vector
(Tzﬁra et al., 2005). The AnnAt4–mCherry coding region was then
excised using I-SceI (New England Biolabs) and ligated into the
pPZP-RCS2-ocs-bar-RI binary vector (Lee et al., 2008) downstream
of the CaMV 35S promoter. Binary vector was electroporated into
Agrobacterium tumefaciens strain GV3101 and transformants were
selected on 2g/L streptomycin.
Transient expression
Agroinﬁltration into leaves of the Columbia ecotype of Ara-
bidopsis and the Petite Havana cultivar of Nicotiana tabacum was
performed as described (Yang et al., 2000). Agrobacterium strain
GV3101 containing the AnnAt4–mCherry binary vector was grown
for two days in YEP medium containing 50g/mL gentamycin and
50g/mL kanamycin. Cultures were diluted to a ﬁnal OD600 of 0.8.
1mL of these cells was pelleted by centrifuging at 3000× g for(Sigma M5524) and 50g/mL Acetosyringone. 100–200L of this
suspension was then injected into the abaxial surfaces of mature
leaves still connected to their plants. Plants were left in the green-
house for 48h before they were imaged.
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Fig. 1. Dart-shaped structures in Arabidopsis line CS84739. Epiﬂuorescence and differential interference contrast (DIC) microscope images were collected from live samples.
(a–c) GFP ﬂuorescence is pseudocolored green and overlain on black and white DIC images. (d–f) GFP ﬂuorescence is represented in black and white. (a) Pavement and guard
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Cells of leaf epidermis contain single dart-shaped structures. (b) Epidermal cell of d
gure-eight conformation. (d) Petal cells show long darts as well as circular and ﬁg
cale bars: (a and d) 5m, (b, c, and e) 10m, (f) 50m.
embrane staining
Twomature rosette leavesof lineCS84739werehomogenized in
mL of a cold 0.4M sucrose solution. Leaves were homogenized by
hopping into ﬁne fragments with razor blades. Organelles were
elleted by centrifuging at 500× g for 2min. Supernatants were
iscarded and pellets resuspended in half the original volume of
omogenizing solution. FM4-64 (Life Technologies) was added to a
nal concentration of 0.05mg/mL. Sampleswere stained for 10min
n ice before imaging with confocal microscopy.
esults
nnexin4-ﬂuorescent protein fusions accumulate in
art-shaped structures in Arabidopsis
Epiﬂuorescence and confocal imaging of Arabidopsis line
S84739 show dart-shaped structures in all cells of seedlings and
ature plants (Fig. 1). Darts appear to reside in the cytosol and do
ot move appreciably within the cell. Most cells contain a single,
pindle-shapeddartwhose length ranges fromﬁve to tenmicrome-
ers (Fig. 1a). Some cells, however, containmultiple darts of various
izes (Fig. 1b). Darts can reach lengths up to 20m (data not
hown). Long darts frequently form complex shapes like ﬁgure-
ights and rings (Fig. 1c and d). Dartswere observed in all cell types
nd developmental stages investigated, including mature leaves,
ark-grown plants, ﬂower petals, and roots (Fig. 1). Aside from the
resence of darts, plants of line CS84739 appear wild-type in their
rowth and development.
PCR analysis of genomic DNA from CS84739 plants revealed
wo transgenes of roughly 450bp and 1500bp length (Fig. S1a).
loning and sequencing the two products showed them to beown hypocotyl shows several darts near the nucleus. (c) Leaf mesophyll cells show
ght conformations. (e) All cells of the root tip and (f) root epidermis contain darts.
from two unique GFP–cDNA insertions. The smaller, 450bp PCR
product, is derived from a transgene insertion in which GFP is
fused to the C-terminal 6 amino acids of an Extensin-like pro-
tein (At1G112090). These results are in agreement with Cutler and
colleagues’ unpublished results. Including GFP and the linker, this
GFP-Extensin fusion is predicted to encode a 28kDa protein. The
larger, 1500bp PCR product, is derived from a transgene inser-
tion in which GFP is fused to the entire coding region of Annexin4
(At2G38750). This larger GFP–AnnAt4 transgenewas not identiﬁed
by Culter and Erhardt and colleagues in their analysis. Including
GFP and the linker region, this GFP–AnnAt4 transgene is pre-
dicted to encode a 64kDa protein. Immunoblot analysis of total
protein from the dart-containing plants showed that both these
GFP-fusions are expressed in the plants (Fig. S1b). Closer exam-
ination of these plants revealed a low level of GFP ﬂuorescence
in the cytosol and nucleus (Fig. S1c). This nucleo-cytosolic pattern
is commonly observed for untagged GFP and small cytosolic GFP
fusions that remain in the cytosol after translation but are small
enough to diffuse through the nuclear pore complex and label the
nucleus. Thus, there appeared to be three compartments (darts,
cytosol, nuclei) labeled in these CS84739 plants that express two
different fusion proteins (GFP-Extensin and GFP–AnnAt4). Analy-
sis of other plants within the CS84739 seed stock revealed plants
that showed only cytosolic and nuclear GFP accumulation (Fig.
S1d). Dart-like structures were not observed in these plants. PCR
analysis of these nucleo-cytosolic labeled plants showed they con-
tained only the smaller 450bp PCR product which corresponds
to the transgene insert for the GFP-Extensin gene fusion (Fig.
S1a). Immunoblot analysis conﬁrmed that the only fusion protein
expressed in these nucleo-cytosolic stained plants was the smaller
protein corresponding to theGFP-Extensin insert (Fig. S2b).Nucleo-
cytosolic accumulation for the GFP-Extensin fusion was expected
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Fig. 2. AnnAt4–mCherry fusion protein accumulates in dart-shaped structures. Epiﬂuorescence microscope images were collected from live samples of Arabidopsis and
tobacco after agroinﬁltration with an AnnAt4–mCherry construct. (a–c) Two cells from transgenic Arabidopsis line CS84739 showing pseudocolored ﬂuorescence from (a)
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olocalize (g) with transiently expressed AnnAt4–mCherry (pseudocolored red in (
ue to its small size and the low probability that targeting informa-
ion could be encoded by the 6 amino acids appended to GFP. We
herefore conclude that the dart-like GFP structures are produced
y theGFP–AnnAt4 fusionprotein. This conclusionwas further sup-
orted by localization of AnnAt4–mCherry fusion proteins (Fig. 2).
To conﬁrm that GFP–AnnAt4 accumulation in darts was due
o AnnAt4 and not the GFP-Extensin transgene or some effect
f the ﬂuorescent protein or linker, mCherry ﬂuorescent protein
as fused to the C-terminus of AnnAt4 with a 3 amino acid
inker (ArgIleLeu) between them. Transient expression of this vec-
or by agroinﬁltration resulted in AnnAt4–mCherry accumulation
n the same dart structures observed in line CS84739 (Fig. 2).
hen transiently expressed in the CS84739 line, the GFP–AnnAt4
nd AnnAt4–mCherry ﬂuorescence signals colocalized in darts
Fig. 2a–c). Adjacent cells that did not receive theAnnAt4–mCherry
onstruct showed GFP ﬂuorescence in darts but no signal in the
Cherry detector, conﬁrming that ﬂuorescence detected by the
Cherry ﬁlter set is not merely bleedthrough of GFP ﬂuorescence.
ikewise, mCherry ﬂuorescence is not detected by the GFP detector
Fig. 2e). When AnnAt4–mCherry is transiently expressed in wild-
ypeArabidopsis it alsoaccumulates indart-like structures (Fig. 2d).
arts also form when AnnAt4–mCherry is transiently expressed in
rabidopsis expressing endoplasmic reticulum (ER)-targeted GFP
Fig. 2e–g). Finally, agroinﬁltration of AnnAt4–mCherry into the
eaves of a different plant species, N. tabacum, also results in accu-
ulation in dart-like structures (Fig. 2h).
arts are cytosolic protein aggregates without membranes
The darts formed by AnnAt4 do not resemble any of the
embrane bounded organelles commonly found in plant cells.
ublished images of plant organelles tagged with ﬂuorescent pro-
eins (reviewed in Mathur, 2007) do not resemble the structures
bserved in line CS84739. Alternatively, it is possible that AnnAt4
usion proteins are accumulating in a known organellewhosemor-
hology has been altered by the presence of the fusion protein. To
est whether darts are actually a component of the endomembraneg) ER-GFP in stably transformed Arabidopsis (pseudocolored green in (e)) does not
Wild-type Nicotiana tabacum cv. Petite Havana. Scale bars =5m.
system or peroxisomes, these organelles were imaged alongside
darts in the same cells. A set of vectors developed by Nelson
et al. (2007) for targeting mCherry ﬂuorescent protein to differ-
ent organelles was agroinﬁltrated into the CS84739 line containing
GFP–AnnAt4.mCherry ﬂuorescent protein targeted to the ER, Golgi,
and peroxisomes does not overlap with GFP–AnnAt4 in darts
(Fig. 3). In all cases, these organelles appear as they would in
wild-type plants: their morphology is unaffected by GFP–AnnAt4
expression. Further conﬁrmation that darts are not a microdomain
of the ER was obtained when Arabidopsis stably transformed to
express ER-targeted GFP was inﬁltrated with AnnAt4–mCherry:
the ﬂuorescence signals showed no overlap (Fig. 2e–g). These
data indicate that the dart-like structures in line CS84739 are
not sub-domains of the endomembrane system and are not
peroxisomes.
Themorphology of darts is notmaintained by a boundarymem-
brane. Darts retain their complex ring and ﬁgure-eight shapes
even when removed from leaf cells by homogenizing in pure
water, a condition that causes membrane bounded organelles to
lyse (data not shown). Furthermore, darts do not stain with the
lipophilic membrane dye FM4-64 (Fig. 4). When leaves of line
CS84739 are homogenized under isotonic conditions that preserve
the integrity of other organellar membranes, FM4-64 accumulates
in rings around chloroplasts and other small organelles, an indica-
tor of membrane staining (Fig. 4b). Under these in vitro conditions,
FM4-64 stains all cellular membranes; staining is not limited to
the plasma membrane, vacuoles, and endocytic vesicles as it is
when taken up by endocytosis in vivo (Bolte et al., 2004). In leaf
homogenates, no staining is visible around the periphery of darts,
indicating a lack of a surrounding membrane. Although the body
of the dart gives a low signal in the FM4-64 channel (Fig. 4b), this
signal is also visible in the absence of the stain (Fig. 4f), indicating
that the signal is merely bleed through of GFP ﬂuorescence into
the FM4-64 detector. The membrane dye FM1-43 also fails to stain
the periphery of darts under these conditions (data not shown).
These data suggest that GFP–AnnAt4 forms darts without the aid
of a surrounding membrane.
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Fig. 3. Darts are not a part of the endomembrane system or peroxisomes. Epiﬂuorescence images were collected from line CS84739 after agroinﬁltration with constructs for
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da–c) ER-targeted mCherry; (d–f) Golgi-targeted mCherry; and (g–i) Peroxisome-ta
b, e, and h) organelle-targeted mCherry; and (c, f, and i) merged signals. Scale bars
In the absence of a boundary membrane, the complex shapes
f darts may be maintained by protein–protein interactions. Flu-
rescence recovery after photobleaching (FRAP) was used to test
hether the GFP–AnnAt4 fusion protein is free to diffuse within
art structures or is held in a rigid structure (Fig. 5). When small
egions of darts are irreversibly photobleached with high inten-
ity laser excitation, they do not recover ﬂuorescence. Similarly,
nbleached regions of the darts do not lose signiﬁcant ﬂuores-
ence. These data indicate that the GFP–AnnAt4 fusions are unable
o diffuse within the dart-like structures. Strong protein–protein
nteractions could cause this lack of diffusion and also explain how
he different shapes of darts are maintained in the absence of a
oundary membrane.
Darts appear to be artifacts of protein overexpression and/or
uorescent protein fusion: they are not found in wild-type Ara-
idopsis. In most cells of line CS84739, it is difﬁcult to identify
arts without the aid of the GFP tag; brightﬁeld and differential
nterference contrast (DIC) microscopy alone cannot discriminate
arts from the other cellular contents. Finding darts with DIC
s made even more difﬁcult by the fact that many darts have a
ize and shape similar to a subdomain of the ER called ER bod-
es (Fig. 6a). However, large, complex darts can be identiﬁed in
richome cells of mature leaves of line CS84739 by DIC. When
arts are aligned parallel to the microscope’s plane of focus, theirmCherry. Pseudocolored images depict ﬂuorescence of (a, d, and g) GFP–AnnAt4;
.
outlines are identiﬁable with DIC microscopy (Fig. 6b). When
these structures are visualized by epiﬂuorescence microscopy, the
GFP signal corresponds to the outline seen in DIC (Fig. 6c and
d) conﬁrming the identity of the dart. When the same search
strategy is applied to wild-type Arabidopsis trichome cells, darts
cannot be found with DIC. It is therefore likely that darts are spe-
ciﬁc to the transgenic lines and are not found in untransformed
plants.
Discussion
Though originally named darts for their short, spindle shapes
(Cutler et al., 2000), the ﬂuorescent structures in Arabidopsis line
CS84739 also take on more complex arrangements like hairpins,
rings, and ﬁgure-eights (Figs. 1 and 6a). There is no obvious rela-
tionship between these different shapes and the organs, tissues,
or developmental state of the plants. However, preliminary data
suggest there may be a relationship between a dart’s length and
its morphology: longer darts may have more complex shapes (Hill
and Lopez, unpublished data). Since darts lack a boundary mem-
brane (Fig. 4), their complex shapes are likely stabilized by the
protein–protein interactions revealed by FRAP (Fig. 5). The unique
composition andmorphology of dartsmake them a novel structure
in the Arabidopsis cytosol.
284 C. Khachatoorian et al. / Acta Histochemica 117 (2015) 279–287
Fig. 4. Darts are not surrounded by membranes. Leaves of line CS84739 were homogenized in isotonic media and stained with the lipophilic membrane stain FM4-64 (a–d)
or else left unstained (e–h). GFP–AnnAt4 ﬂuorescence, pseudocolored green, is visible in darts (a and e). FM4-64 ﬂuorescence, pseudocolored red, is visible in themembranes
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Ourmolecular, genetic, and biochemical analysis of Arabidopsis
ineCS847389 suggests that darts contain a fusionbetweenGFPand
he full length Arabidopsis Annexin4 protein, not the GFP-Extensin
usion protein originally identiﬁed by Cutler and colleagues (Fig.
1). Analysis of this line was complicated by the presence of two
ransgenes; however, the segregation of plants containing only
ig. 5. GFP–AnnAt4 fusion protein does not diffuse within darts. Fluorescence recovery af
re-bleach image shows dart before photobleaching. Scale bar =5m. (b) Post-bleach im
aser scanning. (c) Recovered image shows dart 90 s after bleaching event. (d) Average pi
luorescence intensities were normalized to values in the Pre-bleach image.of GFP ﬂuorescence is detected in the FM4-64 channel (f). Chlorophyll ﬂuorescence,
hat FM4-64 stains the membranes of organelles but not darts. Scale bars =5m.
the GFP-Extensin transgene, which did not contain GFP-labeled
worms, suggested that it was only the GFP–AnnAt4 transgene that
was responsible for the dart phenotype. While we have not been
able to identify a plant containing only the GFP–AnnAt4 transgene
from our original pool of seeds or their descendants, the appear-
ance of darts in Arabidopsis and Tobacco transiently expressing
ter photobleaching was performed on darts in epidermal cells of mature leaves. (a)
age shows dart immediately after left side was photobleached with high intensity
xel intensity of bleached (©) and unbleached () regions of the dart shown above.
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2ig. 6. Identiﬁcation of darts structures by DIC microscopy. Live samples of Arab
ells, DIC imaging cannot distinguish darts (highlighted by green ﬂuorescence) from
dentiﬁed by DIC microscopy (b). Epiﬂuorescence microscopy of the identical region
he AnnAt4–mCherry transgene (Fig. 2) supports our conclusion.
ecently, we have recovered stably-transformed Arabidopsis that
verexpress the AnnAt4–mCherry transgene. All cells of these
lants show dart structures as well (data not shown).
Darts are not simply subdomains or modiﬁed versions of a
nown organelle. Darts do not colocalize with ﬂuorescent protein
arkers of the ER, Golgi, or peroxisomes (Figs. 2 and 3). Impor-
antly, when these organelles are visualized alongside darts; the
R, Golgi, and peroxisomes look normal; indicating that overall cel-
ular morphology has not been affected in cells overexpressing the
usion proteins. Along similar lines, formation of darts in wild-type
lants after transient expression of AnnAt4–mCherry (Fig. 2) indi-
ates that dart formation in stable transgenic line CS84739 is not a
esult of insertional mutagenesis by the GFP–AnnAt4 transgene.
Since line CS84739 is a transgenic Arabidopsis line, special
ttention was paid to ER bodies: subdomains of the ER with a
hape similar to simple, spindle-shaped darts (Fig. 6a). ER bod-
es, or fusiform bodies, are unique to the plant order Brassicales, of
hich Arabidopsis is a member (reviewed in Nakano et al., 2014).
owever, ER bodies are surroundedby the ERmembrane (Gunning,
998),whichour colocalizationexperiments showdoesnotoverlap
ith darts (Figs. 2 and 3). Furthermore, ER bodies are only com-
only observed in roots of mature plants (Nakano et al., 2014)
hereas darts are present in all mature organs (Fig. 1). Darts can
dopt a variety of morphologies and can attain lengths longer than
0m while ER bodies have a regular rod shape whose average
ength is ∼4±1m (Nagano et al., 2009). Not even the numerous
utants affected in length and number of ER bodies have struc-
ures that resemble darts (Nagano et al., 2009). Finally, darts are
ot amodiﬁed form of ER body since ER bodies of the expected size
nd shape are visible alongside darts in line CS84739 (Fig. 6a).
Structurally, darts resemble bacterial IBs and eukaryotic aggre-
omes: they lack both a boundary membrane and the regular
olyhedral shape of bacterial microcompartments (Yeates et al.,
008). The fact that darts are detectable by GFP ﬂuorescence sug-
ests the proteins in darts exist in an at least partially-folded state,
imilar to IBs (Rokney et al., 2009). When present, IBs are normally
ound in a single copy per bacterial cell (reviewed in Kopito, 2000).
imilarly, darts are most commonly found singly in Arabidopsis
ells. In the rare cell with multiple darts, a large dart is usually
ccompanied by several smaller darts (Fig. 1b). This situation mir-
ors the ﬁnding in Escherichia coli that small protein aggregates are
ollected into large IBs (Rokney et al., 2009; Winkler et al., 2010).
arts do not appear similar to the cytosolic aggregates reported
n plants. Inclusion bodies formed in plant cells during viral infec-
ion are generally small, circular, motile structures (Harries et al.,
009;Martiniere et al., 2009). Stress induced aggregates of endoge-
ous plant proteins are small, irregularly shaped structures spread
hroughout the cytosol (Nakajima and Suzuki, 2013; Toyooka et al.,
006).s line CS84739 were imaged by epiﬂuorescence and DIC microscopy. (a) In most
r organelles, especially ER bodies (*). However, large darts in trichomes are easily
) reveals the GFP-labeled dart (c and d). Scale bars =10m.
The length of darts and their complex shapes are more similar
to the ﬁbers of CTP synthases found in bacteria, yeast, and ani-
mals (Ingerson-Mahar et al., 2010; Liu, 2010; Noree et al., 2010).
Speciﬁcally, the long spindles, rings, and ﬁgure eights are nearly
identical to the CTP synthase structures found in human andmouse
cell lines (Carcamo et al., 2011). Whether CTP synthase in any of
these assemblies is functional has yet to be determined. The ﬁbrous
consistency of longer darts (Fig. 6c) is reminiscent of the structured
aggregatesof amyloidﬁbers found in someneural degenerativedis-
orders (Ross and Poirier, 2004). Proteins rich in-sheets structures
have been found to form amyloids across kingdoms (Garcia-Fruitos
et al., 2011). Indeed, amyloid-like ﬁbers have even been detected in
plant chloroplasts (Villar-Pique et al., 2010). The secondary struc-
ture of annexins, however, is dominated by-helices, and lacks the
-sheet architecture that promotes amyloid formation (Konopka-
Postupolska et al., 2011).
Molecular and genetic analyses have revealed that the darts
in line CS84739 are formed when a fusion between Arabidopsis
Annexin4 andGFP is overexpressed. Darts also formwhenmCherry
ﬂuorescent protein (only 29% identical to GFP at the amino acid
level (Shaner et al., 2004)) is fused to the opposite end of AnnAt4
(Fig. 2).Dart formationby theAnnAt4–mCherry fusionprotein rules
out the possibility that dimerization of GFP causes aggregation
of the fusion proteins, a phenomenon reported in other systems
(Landgraf et al., 2012). In contrast to our results, work by Huh
et al. (2010) has established that AnnAt4 localizes to a subdomain
of the ER. These investigators also used the CaMV 35S promoter
to drive the expression of both AnnAt4–GFP and AnnAt4–RFP and
saw irregular structures within the ER. However, these investiga-
tors used polyethylene glycol-mediated transient transformation
of Arabidopsis protoplasts. Enzymatic removal of the cell walls or
some subtle difference in their fusion constructs may explain why
Hu and colleagues failed to observe darts in their experiments.
Our lab has now observed darts under the following conditions:
(1) stable transformation of GFP–AnnAt4 in Arabidopsis (Fig. 1),
(2) stable transformation of AnnAt4–mCherry in Arabidopsis (data
not shown), (3) transient expression of AnnAt4–mCherry in Ara-
bidopsis (Fig. 2), and (4) transient expression of AnnAt4–mCherry
in tobacco (Fig. 2). These four resultsmakeus conﬁdent that overex-
pressed Annexin4-ﬂuorescent protein fusions accumulate in darts
rather than a subdomain of the endoplasmic reticulum.
The similarity between darts and IBs suggests that darts are not
the normal location of AnnAt4 but rather are aggregates caused
by AnnAt4 overexpression. This theory is supported by the fact
that darts are not visible in trichomes of wild-type plants where;
if present, they would be identiﬁable by DIC microscopy (Fig. 6).
Alternatively, it is possible that darts do form in wild-type plants
but that the lower (wild-type) protein levels result in smaller darts
which are not resolvable by DIC. Huh et al. (2010) have shown that
AnnAt4 interactswithAnnAt1 andprotein–protein interactions are
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ne factor which can increase the odds of protein aggregation and
ber formation (O’Connell et al., 2012). Similarly, annexins from
otton and bell pepper have been shown to oligomerize in vitro
Hofmann et al., 2002).
Our data, however, suggest that darts are likely formed as a
ellular response to the stress of overproduction of AnnAt4, much
ike bacterial IBs. Reports of endogenous protein aggregation under
ormal growth conditions are rare in the plant literature. Hence,
issecting the formation of darts by AnnAt4 may yield important
nformation about the protein folding and degradation pathways
n plants. In addition, AnnAt4 may be a useful tool for biotechnol-
gy applications where the aggregation of heterologous proteins
n inclusion bodies may be useful for easing their isolation and
uriﬁcation or modulating their activity (Gatti-Lafranconi et al.,
011).
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